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SUMMARY

1. Propagated action potentials of striated muscle are calculated using
an equivalent circuit that represents the transverse tubular system as a
radial cable of sixteen elements. The membrane of the transverse tubules is
assumed to have activatable ionic currents similar to those in the fibre
surface.

2. The configuration of the after-potential and the conduction velocity
are best accounted for by postulating a resistance of about 150 Q cm2
separating the extracellular fluid from the lumen of the transverse tubules
at the edge of the fibre, and a density ofsodium channels in the tubular wall
about a twentieth of that in the fibre surface.

3. Calculations with imposed voltage steps at the fibre surface suggest
that the potential across the tubular membrane at the centre of the fibre
is very far from clamped.

4. Currents providing charge for the tubular capacity can give rise to
substantial errors in estimating the zero-current potential of the ionic
currents.

INTRODUCTION

In a previous paper (Adrian, Chandler & Hodgkin, 1970) the action
potential of frog striated muscle was reconstructed from voltage-clamp
results. The reconstructions were based on the equivalent circuit of the
membrane suggested by Falk & Fatt (1964) in which the transverse tubular
system is represented by a linear resistance and capacity in series (R. and
CT in Adrian et al. 1970). There were several deficiencies in the reconstructed
action potential and it was pointed out that these might arise if sodium
current, or some other type of active current were present in the tubular
system. Costantin's (1970) observations have made the existence of a
tubular sodium current very likely, and it seemed worth while to extend the
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analysis ofthe action potential. Using a distributed parameter model for the
tubular system, and taking account of tubular ionic currents carried by
sodium and potassium, we have been able to give a more plausible descrip-
tion of the after potential and to show how Adrian et al. (1970) may have
inaccurately estimated the zero-current potentials of the sodium channel
(VNa) and of the delayed rectifier (Vi). Peachey (1973) has given a short
account of some of these findings.

THEORY

For an action potential propagating at a velocity 0, the cable equation
can be written (Hodgkin & Huxley, 1952)

d2V 202R(
dt2 a 'n 1

where V is the potential across the fibre surface and is the potential that
experimentally can be recorded; Im is the current (A cm-2) flowing between
the sarcoplasm and the extracellular fluid; R1 is the resistivity of the sarco-
plasm (Q cm); a is the fibre radius.

Im= Ii+ IT+Cm dV, (2)

where I is the ionic current (A cm-2) through a square centimetre of the
surface membrane; Cm is the capacity (tF cm-2) of the surface membrane;
and IT the current (A cm-2) entering or leaving the transverse tubular
system connected to a square centimetre of fibre surface. IT is composed
of ionic and capacity current flowing across the tubular walls. Combining (1)
and (2),

d2V K (I+ IT + dV\ (3)
djt2 =

cm ~dtJ

where K = 202RiCm/a.

If the transverse tubular system can be considered as a network of
capacities and linear conductances, the potential (u) across the wall of the
tubules will be described by eqn. (4), which is equivalent to the equation
given by Adrian, Chandler & Hodgkin (1969)

1 a a- I Aurr V2\+_r (4)

Where AT-1_ 6KG=' . (5)2 oi o
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GL,Gw and Cw are related to the tubular lumen conductivity (GL) and the
conductance (Gw) and capacity (Cw) of 1 cm2 of tubular membrane by the
following equations

GL, = GLPG' (6)
Gw= GWPX (7)
CW = CwPI9, (8)

wherep is the fraction ofthe muscle volume occupied by tubules (p = 0.003);
( is the volume to surface ratio of the tubules (I = 10-6 cm); and a' is a net-
work geometric factor (a' = 0'5). The values of p and C are taken from
Peachey (1965). For the origin of or see Adrian et al. (1969).
We assume that there is a resistance (Rl?, Q cm2) the access resistance,

which separates the lumen of the transverse tubules from the extracellular
fluid (Peachey & Adrian, 1973). Physically this might correspond to the fact
that the mouths ofthe tubules seem widely separated in the circumference of
the fibre (Huxley & Taylor, 1958) or narrowing or tortuosity of the tubules
near their mouths. Such an access resistance makes the boundary condition
for eqn. (4) at r = a

V'ua = RSG (9)OLkrU)r=a
where ua is the potential across the wall of the transverse tubular system at
the inner end of the access resistance. An alternative boundary condition
that ua = V, was used by Adrian et at. (1969). It is equivalent to the assump-
tion that there is no access resistance.

If V rises exponentially as it does in the early stages ofan action potential

V = VR+AVexp (jut). (10)
VR is the resting potential across both the surface and tubular membranes.
A similar exponentially rising potential will satisfy eqn. (4) and the
boundary condition eqn. (9) if

u = VR +w exp (1tt), (11)
where w = Au = f(r) and is a solution of

Id r
dw\ =2_ ) (12)

and 02 = V2 +,4K. Since &j is bounded at r = 0 and cl) AUa at r = a

AUalo(rqS) (13)
I0(aqS)

and u = VR+ uar~Lex1) 0 (14)Vn+A ao()eP t)
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10 ( ) are modified Bessel functions of zero order. The radial current at r = a
is equal to IT

I= 1( GAUa (a,)exp (lut). (15)

Inserting (14) and (15) into (9)

L\Ua _ 10(aqS)AVa IOa (16)
i\ V IO(ao) + Rs OTLO5I&O¢)

16

In the initial stages of the propagated action potential one can assume
It = 90( V-VR) so that V, it and IT are all rising exponentially with a rate
constant Az. Therefore, from eqn. (3)

4u~2=K [CM GMAV 10(aoS) J

which may be rewritten as

-2- Kgo KGOqSI1(q) (8K#_ Cm Cm{Io(a) +RsGL I1(a)}8)
Provided the propagation constant K is known, or can be estimated, /t can
be obtained from this transcendental equation which has one positive real
root and infinitely many real negative roots. Eqns. (14) and (16) allow one
to calculate u and du/dt throughout the tubular network for a small value
of AV (0.1 mV). These values of A V, d V/dt and u constitute initial values
for computing the propagated action potential.

In a calculation of the action potential and the potential changes in the
tubular system from eqns. (3), (4) and (9) it would be necessary to integrate
simultaneously with respect to r as well as t. To avoid integrating with
respect to r, the transverse tubular system is divided into one central disk
and fifteen concentric annual. The radius of the central disk and the radial
thickness of each annulus is 16a. The conductances (9ToW to 9T(16)) and
capacities (CT(l) to c(16)) of the tubular membrane are calculated on the
basis of the cross-section areas of each annulus. The radial conductances
(9L(1) to 9L(16)) between centres of adjacent annuli are also calculated: gL(16)
includes the access resistance between the outermost annulus of transverse
tubular system and the extracellular fluid. In this way the transverse
tubular system is represented by a cable network of sixteen sections. The
network resembles the linear cable network used to represent the passive
properties of a nerve fibre, with the differences that the network is of finite
length and that the elements of which the network is made up (9T, cT, gL)
all decrease in value from one section to the next as the fibre axis is
approached.

If the potential across the tubular wall (u, sarcoplasmic potential-
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potential in tubular lumen) at the centre of the fibre is written as ul, the
potential at the middle ofthe first annulus as u2, and the ionic current across
the tubular wall of the central disk as il then

du, (ff2- U) 9L(1)- i (19)
dt CT(1)

Likewise in the first annulus

= (u3- U2) 9L(2)- 2 (U2 - U1) 9L(1) (20)
CT(2)

and in general for the jth annulus

Uj=(=u+1- Uj) 9LJ) - Tji) (Uj - Uj_1) 9L(i-1) (21)
CTOi)

The ionic currents in eqns. (19)-(21) may be described in a number of ways.

iJ = 9T(J)(UJ- Vj), (22)
where VL is the equilibrium potential for a leak current and 9T(J) is a con-
stant conductance. With VL = VR eqn. (22) corresponds to the assumption
that the conductance of the tubular wall is linear. Regenerative sodium
currents and non-linear potassium currents can be included by defining

i] =9T(J)(UJ- VL) + Na(j)(UJ - VNa) +9K(j)(UJ - Vb) (23)
where gNa(i) = gNa(i)m3A1, (24)

gE(j) = gK(j)n4, (25)

and m, h, n are Hodgkin-Huxley conductance variables; VNa and VE are
the zero-current potentials for the sodium and potassium channels
respectively.
The usual first-order equations for m, n, h were used, in which

y = ay(' -y) -fy(Y), (26)

with the following equations for the rate constants (Adrian et al. 1970).

1 - exp( 1(V -m)) (27.2)

tm=Amexp (1 8( V-Em (27-2)
ch =ahexp(- 1 (V-TVh)), (27-3)

flh = 3h[1+ exp (-#-lo(V V- ))] , (27.4)
Zin(V- Vn)

1-exp (-lk(V-n))' (275)

Afn = fin exp (- -L(( V-Vn)). (27-6)
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The potentials (u;) within the tubular system can be obtained by the simul-
taneous numerical solution of the sixteen differential equations for uj and
for ij. The latter may depend upon differential equations describing the rate
of change of m, h and n in each ring. Since

=T= (V U16) 9L(16) (28)

one can write from eqn. (3) that
Ty Y~ (29)

= K[Y+i + (V 16)9L(16)], (30)

where
IX = qL(V- V)+ gNa( V- V a) +gK(V- VE) (31)

and the g's are for the surface of the fibre and controlled by the usual
Hodgkin-Huxley variables m, h and n (Adrian et at. 1970).
The equations for ij, uj, Is, V, Y are a set of simultaneous first-order

differential equations with independent variable t and can be solved by
conventional computer methods. A modified fourth-order Runge-Kutta
method as described by Fitzhugh (1966) was used; the actual program being
a modification of that used by Adrian et al. (1970). It was assumed that the
rate constants in the tubular system were the same as in the surface. These
rate constants were determined experimentally by a voltage clamp method
which, even if perfect, could only control the surface potential (V). They
must, therefore, be regarded with caution, and we are aware of the objec-
tions to ascribing rate constants determined in this way to surface and
tubular membrane separately. However, in the absence of better informa-
tion it seems a reasonable first approximation.

METHODS

Measurement of action potentials, after potentials and fibre constants were done
by conventional micro-electrode methods. The electrotonic potential was measured
at three distances from a micro-electrode (at x = 0) passing a small constant
current into a fibre. The steady-state voltages were plotted semi-logarithmically
against the distance from the current electrode (x) and a straight line was fitted by
a least-squares method. The length constant (A = V(rm/ri)) and the input resistance
(i1(rmri)) were obtained from the slope of the line and the voltage and current at
x = 0. The equivalent radius of each fibre examined was calculated from ri assuming
circular cross-section and a value for the sarcoplasmic specific conductivity of
5-9 mho cm-' (Hodgkin & Nakajima, 1972 a).

After making the recordings of electrotonic potential two recording electrodes
were left in the fibre close to and a few millimetres from the current electrode.
A brief current was passed through the current electrode in order to stimulate the
fibre. The conduction velocity was measured from the delay between the action
potentials at the two recording positions.
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Calculation of propagated action potential
The calculation of the propagated action potential was started by assuming a

value of the propagation velocity 0 and from it the propagation constant K was
computed (R, = 169 n cm). Eqn. (18) was then solved for It. AV was taken as
0.1 mV and Au, at appropriate radii were calculated by eqns. (14) and (16). Using
these initial values, currents (i,) and potentials for each annulus (u,) and for the
surface (V) were computed for t > 0. If K is chosen too high the calculated V goes
to + o and if too low V goes to - oo. The program was arranged so that a single
calculation was ended if V > IY' or V < VK; K was interpolated between values
which gave solutions diverging in opposite directions and the solution restarted until
K was determined to within 1 bit in 36 (approximately 1 part in 7 x 1010). This
procedure calculates the spike of the action potential and the beginning of the after
potential. For the remaining part of the after potential successive iterations using
the interpolation procedure described by Fitzhugh & Antosiewicz (1959) were used.

Calculation of voltage clamp currents
The calculation of currents during voltage clamp experiments proceeded as above

except that the surface potential was held fixed and longitudinal propagation was
not considered. The tubular annuli were treated in the same way as above, with
currents (ij) and potentials (uj) computed at various times greater than zero. The
input current is then the sum of the current through the surface element and that
through R8.

Computing
Programs were written in Fortran and computations were done on the Atlas 2

(Titan) computer at the Computer Laboratory in Cambridge, and on the PDP 6
computer at the Medical School Computer Facility of the University of Pennsylvania
(National Institutes of Health Grant, No. RR-15).

RESULTS

Fig. 1 shows calculations of propagated action potentials for three fibres
of different radii at 2000. Table 1 gives in detail the numerical values of the
constants used for these calculated action potentials. The most relevant
points are that the kinetic parameters for the membrane of the fibre surface
are essentially similar to those used by Adrian et al. (1970) for calculations
with a passive, lumped tubular system. Some small changes have been made
in order to increase the propagation velocity, which is reduced when the
T-system is considered to be distributed. In particular the specific capaci-
tance of the surface and tubular membrane has been set at 0 9#F cm-2
(Hodgkin & Nakajima, 1972b); otm has been increased from 0-04 to 0-046:
the saturating sodium conductance of the surface (#Na) has been increased
from 145 mmho cm-2 at 2000 to 180 mmho cm-2. The zero-current potential
ofthe delayed current channel (Vj ) has been taken as -85 mV. Adrian et al.
(1970) used a value of -70mV (see below). In Fig. 1 the access resistance 14
has a value of 150 Q cm2 and the saturating sodium conductance of the
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TABLE 1A. Values of Hodgkin-Huxley rate constants at 20C and
zero-current potentials

(1) (2) (3) (4) (5)
o,M 0-016, 0-042 msec-1 0-04 0-046 0 04
P.= 0-16, 042 msec-1 0-4 04 04
Vm -40 to -48 mV -42 -42 -42

0-003 msec-1 0-003 0-003 0-003
ilh 0 65 msec-' 0l65 0-65 0-65
Vh -41 mV -41 -41 -41
an 0-0021-0-0044 msec-1 0-0044 0 0044 0 004
_~n 0-009-00185 msec-L 0-01848 0X01848 0X01848

-40 to -45 mV -40 -40 -40
VIa + 15 to + 22 mV +50 +50 +50
V, -70 to -85mV -70 -85 -85
VL -95 mV -95 -95 -95

Columns (2) and (3) are from Adrian et al. (1970) and are respectively the experi-
mental values and the values used by them in reconstructing the action potentials.
The experimental values were obtained from fibres in Ringer plus 350 mm sucrose
at 1-3° C, and the values for VE and VNa used in computations are estimated for
isotonic Ringer fluid to correct for hypertonicity.
Column (4) are the values of the rate constants at 20 C used to reconstruct the

action potentials in this paper. To calculate the rate constants at 200 C a QLO of 2-5
was used.
Column (5) are the values of the rate constants at 20 C used to reconstruct the

voltage clamp potentials and currents in this paper. A Q10 of 2-5 was used to obtain
the rate constants at 200 C.

B. Electrical constants for surface and tubular membranes

Surface constants: these are given for a square centimetre of surface membrane
at 200 C

(1) (2)
Leak conductance (gj) 0-24 mmho cm-2 0-24 mmho cm-2
Limiting sodium

conductance (gNa) 180-0 mmho cm-2 145-2 mrnmho cm-2
Limiting potassium

conductance (gK) 41-5 mmho cm-2 41-5 mmho cm-2
Capacitance (Cm) 0-9,F cm2 1-0 #uF cm-2
Access resistance (R1) 150 fi cm2 150 J) cm2

Tubular constants: these are given for a square centimetre of tubular membrane
at 200 C
Leak conductance 0-0067 mmho cm-2 0-0067 mmho cm-2
Limiting sodium conductance 9-0 mmho cm-2 9-0 mmho cm-2
Limiting potassium

conductance 1-27 mmho cm-2 1-27 mmho cm-2
Capacitance (C,) 0-9 1sF cm 2 1-0 1sF cm-2

Column (1) refers to calculated action potentials: Column (2) to calculated voltage
clamp currents and potentials.
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tubular membrane expressed per square centimetre of that membrane is
9mmhoCm-2 at 2000, that is one-twentieth of the value in the surface
membrane. The specific saturating potassium and leak conductances of the
tubular membrane were 1/33 and 1/36 times the values in the surface mem-
brane respectively. Values for the geometrical constants of the tubular
system are the same as those used in Adrian et al. (1969).
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Fig. 1. Propagated action potentials calculated for muscle fibres of different
diameter. Temperature 200 C. A, fibre radius 40 /tm; B, fibre radius 50 /tm;
C, fibre radius 60 #m. Numerical values used for these calculations are in
Table 1 and in the text.

Fig. 1 A shows an action potential for a fibre of radius 40#m. The after
potential declines monotonically. In Fig. IB the after potential shows the
beginnings ofa step and in 1 C there is a definite positive-going hump to the
after potential. The radius for 1 B and 1 C are 50 and 60/tm respectively.
A humped after potential frequently is seen in records ofaction potentials

from frog striated muscle fibres. However, only monotonically declining
after potentials were obtained in the reconstructions of the action potential
using the simpler two-time constant model (Adrian et at. 1970). In the
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present model, which is a 17 time constant model, the hump is still present,
though reduced in size, when the electrical properties ofthe tubular network
are assumed to be linear; when gNa(J) and j) are zero (see Table 2). The
hump occurs because the surface of the fibre repolarizes while the tubular
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Fig. 2. Calculated action potentials in a fibre with a radius of 50 /pIm at
200 C (see also Figs. 1 B, 4, 6). A and B: numerical parameters as in Fig. 1 B.
A: propagated action potential across fibre surface, potential change just
inside access resistance, half-way to the axis of the fibre, and at the fibre
axis. B: the interval (At) between the peak of the surface action potential
and the peak of the potential change as a function of radial position; and
the magnitude (dashed line) of the potential change as a function of radial
position. C and D: numerical parameters as in A and B but with no access

resistance (RB = 0). C: propagated action potential, potential changes
half-way to and at the fibre axis. D as B above. Note how the access resist-
ance attenuates the surface potential change at the outer border of the
tubular system, and delays the peak potential changes in the tubular system.
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system is still depolarized. During this period following the spike, the surface
ofthe fibre is supplying some ofthe current to recharge the tubular capacity
and the conductance of the surface potassium channels, which provide this
current, is decreasing. Plainly the interactions of the surface and tubules
are complex, but in general it is reasonable that with a larger fibre diameter,
the effect of the tubules should be larger, delayed, and continue for longer.
In the small fibres the depolarizations of the surface and tubules are more
nearly synchronous so that the current for repolarizing the tubules is taken
earlier when the potassium conductance of the surface is still high.

Fig. 2A shows in greater detail the action potential in the fibre with a
radius of 50,#m (see also Table 2, line 2). It shows the potential across the
surface of the fibre, which is the potential change that would be recorded
with a micro-electrode, the potential change across the tubular wall just
inside the access resistance, the potential change half-way along the fibre
radius (rfa = 0.5) and the potential change at the axis of the fibre. Fig. 2B
shows the interval between the peak of the potential change at any radial
distance and the surface potential peak. It clearly shows that the radial
potential change does not propagate at a constant velocity. Fig. 2B also
shows (dashed line) the peak potential change at any radial distance.
Fig. 2 C shows the surface action potential and tubular changes for r/a = 05
and for r = 0. These are calculated with the same parameters as Fig. 2A
with the single difference that the access resistance is zero (RB = 0; see also
Table 2, line 4). Fig. 2 D shows the radial conduction time and the peak
potential change as functions of the radius. In the absence of any access
resistance the potential change in the surface and in the outermost annulus
of the tubular system are practically identical. Removing the access resist-
ance slows the longitudinal conduction velocity, reduces and broadens the
action potential, and greatly affects the configuration of the after potential.
In general the interaction of the surface and the tubules is greater in the
absence of any access resistance.

Table 2 gives values of various measurements from calculated action
potentials including those in Figs. 1 and 2. The first three lines show the
effect of fibre diameter. Lines 4 to 8 show the effects of increasing access
resistance. The last three lines of the table show the effects of altering the
tubular sodium conductance. In Table 2 the total capacity is the surface
and tubular capacity calculated per square centimetre of fibre surface on
the basis of the tubular geometry and a specific capacity of 09,UF cm-2:

total capacity = 0X9(1 +pa/2C).
The measurable capacity at zero frequency is the capacity that is measured
by integrating the transient current which flows when the fibre surface is
made to undergo a step change in potential. The measurable resistance is
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the resistance which would be measured from the fibre length constant and
the input resistance:

(1+pa 1J(va)-I12(va)measurable capacity = 0'9 1 ({JO(va) + RSGL v#F(Ca)}2)J

measurable resistance = (1L + V+GLI(va) cm2
meas ~~~~~~10(va)+RGL vJ1.(va)j

(for discussion of these relations see Hodgkin & Nakajima, 1972b and
Peachey & Adrian, 1973).
The capacity from the foot of the action potential is derived from the

propagation velocity (0) and the rate constant (gu) for the exponential rise
of the action potential.

RI was taken to be 170 Qcm (GI = 59 mmho cm-L). This relationship
assumes that the capacitative current during the foot ofthe action potential
is much greater than the ionic current. The longitudinal propagation
velocity is the value used in the computation ofthe action potential, and the
radial propagation velocity is taken as the fibre radius divided by the time
between the peaks of the potential change at the surface and the centre of
the fibre. The final column 'after potential hump' is the voltage change
from the minimum immediately following the spike, to the maximum ofthe
after potential. A dash in this last column means that at all times after the
spike dV/dt < 0.
The results given in Table 2 and in particular the effects of tubular

sodium currents and of the access resistance (R.) are most easily shown by
Figures. In Figs. 3-6 we have plotted four calculated action potentials using
a three-dimensional surface whose co-ordinates are potential, time and
distance from the axis ofthe fibre. Figs. 3-6 plot the time courses ofpotential
change at various radial distances: the individual potential-time curves are
what would be recorded between an electrode in the sarcoplasm and an
electrode in the tubular lumen at the indicated radial position.

In all four Figures the fibre diameter is 1OOum; the total capacity is
7.65,tF cm-2; the conductivity of the tubular lumen (GC1) is 10 mmho cm-'.
The geometric constants ofthe tubular system are the standard values used
in all the calculation of this paper (p = 0 003; ( = 10-6 cm; o = 0.5). The
saturating sodium and potassium conductances of the fibre surface (9Na
and gK) are respectively 180mmhoCm-2 and 41'5 mmhoCm-2 and the
temperature is taken as 200C.

Fig. 3 shows the prediction for a passive tubular system and no access
resistance: that is RB = 0 and the tubular membrane current is given by
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eqn. (22). In this reconstruction the action potential rises and falls slowly
and propagates at only 109 cm sec-1. Neither of these faults is improved by
adding sodium and potassium conductance to the tubes as in Fig. 4. In this
reconstruction the tubular membrane currents are given by eqn. (23). The
longitudinal propagation velocity is still 109 cm sec-1. Figs. 3 and 4 suggest
that it is the capacity ofthe tubular system which slows the surface potential
change. A substantial reduction of the tubular capacity would increase the
propagation velocity. However, Hodgkin & Nakajima (1972 a) suggest that
7 651tF cm-2 is an appropriate value for a fibre with a diameter of 1001tm.

Fig. 3. Calculated action potential in a fibre with a radius of 50 Sum. The
access resistance to the tubular system (R.) is zero and the ionic current in
the tubular wall is linear (eqn. (22)). There are no activatable ionic currents
in the tubular membrane. The calculated propagation velocity is 109 cm
sec-1. The three co-ordinates are: vertical, potential in 20 mV divisions;
horizontal, the fibre diameter divided into six equal divisions; horizontal
(receding), time in 1 msec divisions.

Alternatively a substantial increase in 9Na would increase the rate of rise of
potential and the propagation velocity, but there is little evidence that gal
has been grossly underestimated. Ildefonse & Roy (1972) suggest a value of
50 mmho cm-2 for XNa. This value is substantially less than the estimate of
Adrian et al. (1970) which is the basis for the figure used in the present
calculations. We have, therefore, chosen to diminish the effects of tubular
capacity on the surface potential by introducing a resistance between the
surface and the tubular lumen. Fig. 5 shows the calculated action potential
for passive tubules (eqn. (22)) and an access resistance (Re) of 150 Q cm2.
The access resistance makes little difference to the measurable membrane
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resistance and capacity (see Table 2, lines 2 and 4) but the rates of rise
and repolarization are now reasonably rapid and the propagation velocity is
200 cm sec-1. The addition of tubular sodium and potassium conductances
(Fig. 6) once again does not change the longitudinal propagation velocity
but does increase the axial potential change.
The four action potentials in Figs. 3-6 differ in only two features: the

presence and absence of the access resistance and the presence and absence
of activatable sodium and potassium conductances in the tubular system.

Fig. 4. Calculated action potential for a fibre with a radius of 50 gim. The
access resistance is zero and there are activatable sodium and potassium
currents in the tubular wall (eqn. (23)). The calculated propagation velocity
is 109 cm sec1. See line 4 of Table 2. Scaling of axes as in Fig. 3.

Ofthese calculated action potentials, the one shown in Figs. 2A and 6 is the
best replica of experimentally recorded action potentials. We do not know
whether other geometries or combinations of parameters would do as well
or better.
The model used for calculation allows a wide choice of parameters and

some additional justification should be given for the choices made in Fig. 1.
The conductances for the surface membrane are close to those used by
Adrian et al. (1970), and we are, therefore, assuming that the total measur-
able limiting sodium and potassium conductances are appropriate values
to use for the conductance of the surface (see below).
The tubular lumen conductance (GL), access resistance to the tubular

system (R5), tubular limiting sodium (xNa(d)) and tubular limiting potassium
conductance (gK(j)) all have substantial effects on the configuration of the
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Fig. 5. Calculated action potential for a fibre with a radius of 50 /tm. The
access resistance to the tubular system (R8) is 150 Q cm2 and the ionic
current in the tubular wall is linear (eqn. (22)). The calculated propagation
velocity is 200 cm sec'. See line 9 of Table 2. Scaling of axes as in Fig. 3.

Fig. 6. Calculated action potential for a fibre with a radius of 50 /sm. The
access resistance is 150 Q cm2 and there are activatable sodium and potas-
sium currents in the tubular wall (eqn. (23)). The calculated propagation
velocity is 200 cm sec-". See line 2 of Table 2. Scaling of axes as in Fig. 3.
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after potential. Decreasing CL delays and reduces the hump. Increasing R8
increases the size of the hump both by raising the potential at its maximum
and by deepening the notch which precedes the hump. Increasing q]N (j)
increases the potential at the plateau or peak ofthe after potential and may
fill in the notch before the after potential (Fig. 7). The values of gK(j) mainly
affect the speed of repolarization of the after potential.

+40

0

E

113 90 5-6 mmho/cm2

-100 5 10
Time (msec)

Fig. 7. Calculated surface and axial action potentials using three values for
the saturating sodium conductance in the tubular membrane, and other-
wise the same constants as the action potential in Figs. 1 and 6. The three
values of the sodium conductance are lower than, equal to, and larger than
the standard value, 5-6, 9 0, and 11 3 mmho cm-2. The tubular sodium
conductance affects the shape of the after potential and the maximum
depolarization at the fibre axis.

There are other constraints which can be used to guide the choice ofvalues
for various parameters. Lines 4-7 in Table 2 show the effects of the access
resistance on the measurable low- and high-frequency capacities, the longi-
tudinal and radial propagation velocity and the peak ofthe potential change
at the centre ofthe fibre. The action potentials in Fig. 1 are calculated for an
access resistance of 150 Q cm2. In a fibre with a radius of 50 jum this gives a
conduction velocity of 200-5 cm sec-1, a time constant for the foot of the
action potential (1//t) of 200 usec, and a capacity from the action potential
foot (Cf) of 1-81 ,F cm-2. The corresponding average figures from Hodgkin
& Nakajima (1972 b) are 209 cm sec', 127 ,asec, and 2 59,IF cm-2. The value
of RB chosen in Fig. 1 represents a compromise. Increasing it beyond
150Qcm2 would increase the conduction velocity but make the after
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potential implausibly large and decrease the value of Cf. Reducing Rs below
150 Q cm2 reduces the conduction velocity but increases Cf.

Gonzalez-Serratos (1971) has measured the radial propagation velocity
of activation during a twitch and finds it to be 7 cm sec-1 at 2000. This
implies that the activation at the centre of a 60 jtm fibre should lag the
surface activation by just less than 1 msec. If one can assume that the
moment of contraction follows the peak potential after a fixed interval, the
radial propagation velocity of activation suggests a maximum separation
ofthe peaks ofthe potential change at the surface and the centre ofthe fibre.
This separation is mainly controlled by the dimension ofthe tubular system,
the conductance of the tubular lumen (GL) and the capacity of the tubular
wall (Cw). We have made the same assumptions about the tubular geometry
as were made by Adrian, Chandler & Hodgkin (1969). Decreasing the
luminal conductance below 10mmhocm-1 increases the lag of the axial
potential on the surface potential. Conversely, increasing this conductance
decreases the lag (line 8, table 2). The radial velocities in Table 2 are all
less than the measurement of Gonzalez-Serratos, and this must be con-
sidered a serious deficiency ofthe proposed model, or ofour assumed relation
between contraction and potential.
The magnitude of the axial potential excursion depends very largely on

the magnitude on the limiting sodium conductance (.qNa(J)) in the tubules.
The last 3 lines in Table 2 show that the tubular sodium conductance has
little effect on the longitudinal conduction velocity but a large effect on the
peak potential at the centre ofthe fibre. If the tubular conductance is linear
(eqn. (22)), then the centre of the tubular system is not depolarized beyond
about -45 mV. Though the rheobase depolarization is exceeded at the
centre of the fibre, activation might not occur because the depolarization is
not maintained for long enough (Adrian, Chandler & Hodgkin, 1969). If
the axial potential is to reach 0 mV, the limiting sodium conductance ofunit
area of tubular wall needs to be about a twentieth of the limiting sodium
conductance of the surface. This implies that for each square centimetre of
fibre surface the associated tubular system has a total limiting sodium con-
ductance which is about two thirds of the conductance in the surface.

Measurement of the after-potential
In all calculations it was clear that the fibre diameter was an important

variable for the appearance of the after potential hump. Experimentally we
were unable to show such a clear dependence. We measured the length
constant (A) and the input resistance of forty-eight fibres from seven
sartorius muscles in a Ringer solution at 200 C (Adrian, 1956). From these
measurements and a value of 5-9 mmho cm-' for the specific resistance of
the sarcosplasm, the radius of each fibre was determined. After measuring
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the fibre constants, each fibre was stimulated via the current passing
electrode, and the action potential was recorded by two internal micro-
electrodes separated by several mm. Fig. 8 shows the after potentials
recorded from the distal electrode (for reasons of space the spike of each
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Fig. 8. Experimentally recorded after-potentials in frog sartorius fibres
at 200 C. The spike of each action potential has been erased. The number
at the end of each record is the radius of fibre estimated from the internal
longitudinal resistance (r1). A: fibres where d V/dt is always negative after the
spike of the action potential. B: fibres where d V/dt _ 0 during the after-
potential. C: fibres where dV/dt > 0 during the after-potential. The hori-
zontal line is 20 msec long.
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record has been omitted). The records have been grouped by eye into three
groups; those where d V/dt is always negative after the spike of the action
potential; those where d V/dt approaches close to zero; those where d V/dt >0
at some time following the spike. The number at the end ofeach record indi-
cates the radius ofeach fibre in microns. Table 3 summarizes some measure-
ments on these groups of fibres. The after potentials in which dV/dt > 0
(group A) come from fibres whose average diameter is greater than the
average diameter of the group where d V/dt <0 (C), but an analysis of vari-
ance (f test) shows that the differences in the diameter of the three groups
are not significant at the 5 % level. If there is a correlation of diameter and
hump in the after potential, it is obscured by other factors which are
unrelated to diameter but which affect the shape of the after potential.
Variability of R,, tubular lumen conductance, and the tubular limiting
sodium conductance are examples of such factors which, on the basis of the
calculated action potentials, could override the effect of diameter.

TABLE 3. Measured fibre characteristics of fibres with different shapes
of after potential

Potential of
Fibre Radius R.P.* Rm peak or plateau
group jsm mV Q cm2 No. mV

All 51-8 + 2-5 - 79-5 2156 +55 48
A 57*6± 4-1 -79-2 2187 +98 18 -63*9+ 0*9
B 50*4+ 3-8 -8041 2216 +87 21J
C 43.7 + 3.3 - 78*6 1952 60 9

Time to maximum of after potential in Group A fibres from upstroke of action
potential 5-6 + 0-2 msec.
Average conduction velocity of all fibres 256 cm/sec.
* Measured on photograph of action potential - not on initial electrode pene-

tration.

Effect of distributed tubular parameters on voltage clamp currents
At first sight the assignment to the tubular system of a limiting sodium

conductance only slightly less than the limiting sodium conductance of the
surface, might seem inconsistent with the assumption that the total
measurable limiting sodium conductance should be assigned to the fibre
surface.

There are several reasons why this is not so. First, the presence of an
access resistance will limit the contribution of the tubular sodium conduct-
ance to the measurable sodium current. Secondly, the tubular sodium con-
ductance develops at a later time than the surface sodium conductance and,
therefore, the peak measured sodium current is not increased in proportion
to the additional tubular sodium conductance. Thirdly, during the first few
msec of a depolarizing voltage step, redistribution of the charge on the
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tubular capacity produces a transient outward current which diminishes the
peak inward current.
To illustrate these effects quantitatively voltage clamp currents have

been calculated using the same model as for the calculations of the action
potentials. The command step of potential is imposed on the element of the
cable representing the surface; currents are calculated for that element,
assuming that the surface capacity is charged instantaneously. The voltages
and currents in the sixteen elements of the cable are calculated by the same
set of simultaneous differential equations as are used in the action potential
calculation. The current required to hold the surface element to the required
potential is then the current in that element plus the current delivered to the
tubular system via the access resistance R,. The presence of this resistance
acts to increase the independence of the tubular system from the clamping
system. In any actual clamping experiment on a muscle fibre, the recorded
current will therefore be a complex mixture of surface and tubular capacity
currents and surface and tubular ionic currents. This mix will not be a con-
stant one, since regenerative currents in the tubular system may radically
alter the shape ofthe potential profile across the fibre at different depolariza-
tions of the fibre surface.
The complexities described below are by no means confined to muscle

fibres and would be expected in any situation where a part of the membrane
generating current is separated by an external or internal resistance from
the part ofthe membrane whose potential is being measured and controlled.
The regular geometry of the tubular system makes it reasonably straight-
forward to represent its morphology in cable elements.
How far is one misled by supposing that the current required to clamp

the surface with its attached tubules is the current passing across a mem-
brane consisting of a capacity, a leak, a sodium system (m, h), and a
potassium system (n)? Adrian et al. (1970) made this assumption in their
analysis of the voltage clamp currents of striated muscle fibres. The major
source of error is neglect of the tubular capacity current. Neglecting the
tubular sodium current makes surprisingly little difference.

Figs. 9 and 10 show calculated voltage clamp experiments. The constants
used in these calculations differ in some minor respects from the constants
used for the action potentials. They are shown in column (5) in Table 1 A.
The calculations are for a fibre with a diameter of 120,Am. The tubular
sodium and potassium conductances are similar to those used for the action
potential calculations. The access resistance, tubular geometry and passive
tubular properties are the same. On the left are the command potentials,
left of centre, the current in the surface element, right of centre the total
required current, and on the right the potential at the centre of the fibre. It
is immediately apparent that the current records, though they differ in
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detail, show no major quantitative differences, even when the centre of the
fibre differs substantially in potential from the surface. Fig. 11 plots the
early currents for the surface element alone and for the surface with the
tubular elements. The sodium conductances measured by the slopes of the
current at the apparent V'a are not very different (71 mmhocm-2 from
surface, 72 mmho cm-2 from total). The chief difference is in the size of the
early currents. Also the zero-current potential for the sodium channel (VN'a)
which is set to be + 50mV in these calculations, would be incorrectly esti-

Su race
potential

-80195fL
Su race
current

Total
current

Axial
potential

6I',

-65

-95 I
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-55

-95
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-50

-95

10 msec

120 mV I 0.1 mA/cm2

Fig. 9. Calculated total current and surface current in a voltage clamp.
Each set of calculations shows from left to right, the command potential at
the surface of the fibre, the current through the surface, the total current
delivered to the fibre surface and to the tubular system, the potential across
the tubular wall at the axis of the fibre. The changing ofthe surface capacity
takes place instantaneously so no capacitative transient is seen in the
surface current. When the surface potential is taken to -55 mV, the axial
potential depolarizes by a few mV more than -55 mV (cf. Costantin,
1970). Temperature 200 C; fibre radius 60 Fnm; numerical values in Table 1.
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mated from the total current to be + 42 mV. An exactly similar effect of
tubular capacitative current is shown in Fig. 12 on the zero-current potential
for the potassium system (Vj ). Fig. 12A shows tail currents after a return
of the command potential from 0mV to various potentials. The value of
V' incorporated into the calculations is -85mV and it can be seen that
the current in the surface element, as expected, is unchanging when
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Fig. 10. Calculated currents and axial potential during a. voltage clamp for
depolarizations into the region of 0 mV and beyond V' . Conditions are
the same as Fig. 8.

the command potential returns to -85 mV. However, when the total
currents are considered there is still a considerable inward transient current
on returning to -85 mV. The best estimate ofa zero-current potential from
the total currents would be -80 mV. Adrian et al. (1970) estimated VE to
be -70 to -75mV at 20°C and there is a suggestion in their Table 4 that at
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2°C VjE was 10 or 15mV more negative. This effect is to be expected if the
estimate of VE is in error because of capacitative tubular currents. In the
cold when the rate constant for the deactivation of n will be much reduced,
the tail currents would outlast the capacitative currents and could be seen
in a less adulterated form. Fig. 12 B shows tail currents calculated at 20C
(Qlo for rate constants = 2.5). Though there is still a large contribution of
tubular capacity current the best estimate of VE would be close to -85 mV.

mA/cm2

4

3

2

-90 -70 -50 -30 -10 10 30 70 mV

-3

Fig. 11. Peak early currents from Figs. 8 and 9 plotted against surface
potential. Note that the total current is less than the surface current at any
particular voltage because the tubular capacity current is an outward
current during depolarization. Estimates of V',, from the total current are
in error. V'a in these calculations was set at + 50 mV.

DISCUSSION

The object of this paper has been the description of the action potential
of a striated muscle fibre in terms of the ionic and capacity currents in the
surface and transverse tubular membranes. In a number of respects the
present model is an improvement on the simpler reconstruction of Adrian
et al. (1970). It treats the tubular capacity as if it is distributed which it must
be if the luminal conductance of the tubular lumen is less than infinite. It
predicts a conduction velocity along the fibre which is similar to the experi-
mental value. It predicts a humped after potential in some but not in all
fibres, depending on the fibre diameter and other parameters.

126



ACTION POTENTIAL IN MUSCLE
The increased conduction velocity in the present model results from a

number of relatively small adjustments in numerical values, which could
equally well have been made on the simple model. For instance 9Na has
been increased by 25 % and am by about 10 % (see Table 1). But it is clear
from Table 2 that within the range of tubular properties considered in this
paper, an adequate longitudinal velocity depends on the presence of a
resistance separating the extracellular fluid from the fluid in the tubular

I surface

200C 200C

A

C total

20C

los mA/cm

2 msecB

Fig. 12. Potassium tail currents. A: surface potential depolarized to 0 mV
and returned to -100 mV, -90 mY, -85 mY, -80 mY, -75 mY,
-70 mY, -65 mY. VK = -85 mV. Calculated surface currents at 200 C
(right) show a clear zero change potential at -85 mY. Total currents (at
left) suggest that the best estimate of the zero current potential would have
been -80 mY. B: 20 C; surface potential depolarized to 30 mY and tail
currents calculated at -90 mY, -85 mY, -80 mV and -75 mY. At this
temperature the zero current potential would be estimated at or near the
actual value (-85 mY). Fibre radius 60 /km. Numerical values as in
Figs. 8 and 9.
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lumen. It is this resistance that has been called the access resistance. It is
possible that other combinations of lumen conductivity (GL) and access
resistance (R8) could be chosen and that these would give reasonable recon-
structions of the action potential. The results of Falk & Fatt (1964) and of
Schneider (1970) require a greater radial resistance than would be present
in our model without access resistance (Figs. 2 C, 3, 4). It is not clear from
these studies whether this radial resistance should be wholly lumped, wholly
distributed, or something in between. Our model with access resistance
(Figs. 2 A, 6) making up the greater part of the radial resistance, is closer
to a lumped model than to a totally distributed model. But our calculations
suggest that decreasing the lumen conductivity (CL) below the value used
here (10 mmho cm-') substantially increases the radial conduction time. It
has already been pointed out that in the reconstruction of Figs. 2A and 6
the predicted radial conduction speed is about half that deduced from the
results ofGonzalez-Serratos (1971). This comparison depends on an assump-
tion that the delay between the peak potential change and the contraction
is the same at each radial position in the fibre. We do not know enough about
the effect ofwave form on the threshold to be certain that this is so (Adrian
et al. 1969).

Fig. 2A raises the question, is the potential change across the tubular
wall at the edge of the fibre, just inside the access resistance, adequate to
cause contraction? Information about the potential change across the
tubular wall which does or does not cause contraction is necessarily indirect.
By an experiment at room temperature which imposed a potential change
with the shape ofan action potential on a muscle fibre poisoned with tetrodo-
toxin (Adrian, Costantin & Peachey, 1969), showed that the surface poten-
tial needs to reach approximately 0 mV if it is to cause the superficial
myofibrils to contract. The interpretation of this observation in terms of a
mechanically effective potential change across the tubular wall depends
upon the model considered. Suppose that mechanical activation is only
produced by tubular potential change, then if the access resistance is as
large as 150 Q cm2 a brief surface depolarization to 0mV will be attenuated
by the access resistance, and one would have to suppose that the transient
depolarization to about -45mV is a threshold signal for contraction. On
the other hand, if the surface potential change can activate the superficial
myofibrils, then one would conclude that a brief depolarization to 0 mV is
the effective signal in the surface and so probably in the tubules. There is no
direct evidence for mechanical activation by surface potential change and
the usual interpretation of experiments involving glycerol 'detubulation'
(Eisenberg & Gage, 1967) argues against it. Nevertheless, it remains a possi-
bility that 'detubulating' procedures do something more than break the
tubules at their mouths; for instance they may also interfere with the triads
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and with contacts between surface and sarcoplasmic membranes which
would presumably be necessary for an activation by the surface potential
change (Zachar, Zacharova & Adrian, 1972; Peachey & Adrian, 1973). It is
possible that the access resistance is not at the tubular mouths, but is just
inside the most superficial layer of myofibrils. There is no morphological
evidence to suggest this position, but it would make it unnecessary to postu-
late activation by the surface membrane, and it might go some way to
explain the circumferential propagation of activation observed by Sugi &
Ochi (1967).
The model that we are proposing for the action potential in frog striated

muscle has modified the explanation of the negative after-potential pro-
posed by Persson (1963) and by Adrian et al. (1970). The latter estimated
the zero-current potential of the delayed rectifier current (VK' = -70mV)
and noted that it was similar to the membrane potential during the after
potential (-60 to -75 mV; Persson, 1963). They suggested that the
potassium to sodium permeability ratio of the delayed rectifier is about 30
which would account for the fact that the zero-current potential was
positive to the resting potential. For as long as the delayed rectifier is open
after an action potential the membrane potential would be held near to VjK;
in so far as there were currents recharging the capacity of the tubules, the
potential would be positive to Vj(.

In the present calculations, the mechanism of the after potential is not
essentially changed, but the relative importance of the tubular capacity
currents has been altered. From the calculation in Fig. 12 it is clear that the
measured tail current after a depolarization will be made up of tubular
currents, mainly capacitative, and delayed rectifier current in the fibre
surface. These two currents may either add or subtract. At 2000 these two
components of current can decay at more or less the same rate and the
measured zero-current potential (VE in Adrian et al. 1970) will not be the
true zero-current potential (Vj in the present paper), but will be positive
to it. In the present calculation VE has been set somewhat arbitrarily at
-85 mV. The calculated zero-current potential which would have been
measured at 200C is between -70 and -75 mV (total current, Fig. 12).
The calculated potential at the beginning of the after potential is about
-60 mV, which agrees well with the measured mean in Table 3 of -64 mV.
We have not tested whether the present model will show a correlation
between the resting potential and the potential during the after potential
(Persson, 1963), but there seems no obvious mechanism by which it could
do so. As can be seen from Fig. 2 A, a substantial current is flowing into the
tubular system through the access resistance during the period of the after
potential, and it is largely this current which keeps the surface potential
positive to Via. The after potential and the experimentally measured zero-

5-2
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current potential are both positive to Vj for the same reason: the capacity
currents of the tubular system flow for several milliseconds after a voltage
clamp step at the fibre surface: tubular currents are flowing for several
milliseconds after the surface of the fibre has repolarized in the action
potential.
A question that arises in connexion with sodium currents in the tubular

membrane is possible depletion of tubular sodium ions. This might occur
during an action potential or during a train ofaction potentials in a time too
brief for significant replenishment of sodium ions by diffusion from the
external medium. The present model does not incorporate any tubular con-
centration changes that might result from activity, but one can estimate the
approximate concentration change by comparing the charge transferred
across the tubular capacity and the quantity ofsodium ions associated with
unit area of membrane. If the initial tubular sodium concentration is [Na]t,
the fraction ofthis which would change the potential across the tubular wall
by AV is given by (CwAV)/(F[Na]t ). For [Na]t = 120mM and AV =
125 mV, this fraction is about equal to 10-2. This fraction suggests that the
tubular sodium concentration might change by as much as 1mm as the result
of a single action potential. Various factors could alter the precise figure:
over-lapping of the sodium and potassium conductance changes could
increase it; radial current flow and the radial diffusion of sodium will both
decrease the concentration change. For the fibre with a radius of 50,tm and
the standard conductance parameters (Fig. 2), the integrated sodium current
in the axial disk of the model (section 1 of the radial cable) would, for a
complete action potential, result in a sodium concentration change there of
- 0 5 mm. The calculated change in the potassium concentration at the axis
ofthe fibre is + 0-28 mm. Significant changes in tubular ionic concentrations
are therefore a consequence of the model for the action potential proposed
in this paper. Tubular sodium depletion during a tetanus has already been
suggested on experimental grounds (Bezanilla, Caputo, Gonzalez-Serratos,
& Venosa, 1972).

We are grateful to Dr W. K. Chandler for advice and help; also to Mr A.
Stracciolini for help with the plotting programs.
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